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Genome condensation during mitosis presents a chromatin landscape largely inaccessible to RNA poly-
merase II and most transcription factors. Caravaca et al. (2013) now report in Genes and Development that
the pioneer transcription factor FOXA1 is retained at mitotic chromosomes, bookmarking the genome to
enable gene expression reestablishment upon mitotic exit.During embryogenesis, high cellular
proliferation is crucial for embryonic
growth and proper expansion of different
cellular lineages. And yet these cell divi-
sions must be coordinated with the
precise execution of gene expression
programs that dictate cell identity. Mitosis
represents a major hurdle for the mainte-
nance of transcriptional states because
condensation of the genome into mitotic
chromosomes results in global transcrip-
tional silencing and dissociation of DNA
binding proteins, including RNA poly-
merase II and most transcription factors
(TFs) (Zaidi et al., 2010). Consequently,
after each cell cycle and as the cells exit
mitosis, cell-type-specific gene expres-
sion needs to be faithfully and rapidly
restored in order to preserve cellular
identity.
It has been proposed that a combina-
tion of epigenetic features including
histone modifications, histone variants,
and certain TFs can be retained onmitotic
chromosomes, providing a transcriptional
memory that facilitates the reestablish-
ment of gene expression upon return to
interphase (Zaidi et al., 2010). Themecha-
nistic and causative evidence supporting
this attractive model of mitotic bookmark-
ing is only starting to emerge. For
example, mitotic retention of general co-
activators, such as BRD4 and MLL, at
promoter regions of highly expressed
housekeeping genes has been shown to
facilitate their reactivation upon mitotic
exit (Blobel et al., 2009; Dey et al., 2009).
However, such mechanisms cannot
explain the transcriptional reactivation of
tissue-specific genes which are crucial
for the maintenance of cellular identity
and the proper execution of develop-342 Developmental Cell 24, February 25, 201mental programs. Work from the Blobel
laboratory (Kadauke et al., 2012) has
demonstrated that GATA1, a tissue-
specific TF, is partially retained on mitotic
chromatin at a small subset of its inter-
phase targets preferentially located in
proximity of lineage specific regulatory
genes. Most importantly, bookmarking
by GATA1 expedites the restoration of
cell-type-specific transcriptional profiles.
In a recent publication in Genes and
Development focusing on FOXA1, another
pioneer TF, Caravaca et al. (2013) uncover
exciting mechanistic insights as to how
this mitotic bookmarking by tissue-
specific TFs might occur (Figure 1A)
(Caravaca et al., 2013).
GATA1 and FOXA1 belong to the GATA
and Forkhead TF families, respectively,
and both can be broadly classified as
pioneer factors (Zaret and Carroll, 2011).
In fact, FOXA1 represents the archetyp-
ical pioneer factor, defined as a protein
that can access cis-regulatory elements
even in a nucleosomal context, under
conditions that prevent binding by most
TFs. This pioneering binding capacity is
thought to help establish competence
for future expression states by facilitating
the subsequent recruitment of additional
regulatory proteins. Moreover, because
FOXA1 and other pioneer factors are ex-
pressed in early developmental stages,
they are able to initiate a hierarchy of
events that leads to the proper execution
of distinct embryonic gene expression
programs (Zaret and Carroll, 2011).
Extensive work in Ken Zaret’s lab has
substantiated the molecular and biophys-
ical basis of FOXA1 pioneering function.
FOXA1 has a ‘‘winged helix’’ DNA-binding
domain that is remarkably similar to the3 ª2013 Elsevier Inc.DNA-binding domain of linker histones,
allowing this factor to establish both
specific and nonspecific DNA contacts
that increase its overall affinity for DNA.
As a result, FOXA1 binds its targets even
within highly compact chromatin, without
the aid of chromatin remodelers or
specific histone modifications (Zaret and
Carroll, 2011). By expanding on previous
work and by using live imaging, Caravaca
et al. (2013) have now demonstrated that
FOXA1 is almost completely and ubiqui-
tously retained at mitotic chromosomes.
Somewhat surprisingly then, when the
authors used genomics to interrogate
the exact location of FOXA1 on chromatin
duringmitosis, they observed that binding
was only retained at a specific subset of
the total interphase FOXA1 targets. The
apparent discrepancy between these
observations is explained by a profound
increase in nonspecific FOXA1 binding
throughout mitosis, which the authors
elegantly showed depends on the intrinsic
nucleosome affinity of this TF and its
increased mobility on mitotic chromo-
somes compared to interphase chro-
matin. This nonspecific retention may
facilitate the rapid and preferential binding
of FOXA1 to all its specific targets as the
cellsmove toward interphase. Importantly
and in agreement with this prediction,
both specific and nonspecific binding
contributed to the timely reactivation of
FOXA1 target genes upon cell exit from
mitosis (Figure 1A).
Together with previous findings, the
work from Caravaca et al. (2013) provides
a paradigm in which pioneer TFs use
a combination of specific and nonspecific
binding strategies to mitotically book-
mark the genome and ensure stability of
Figure 1. Mitotic Bookmarking by Pioneer TFs: Implications for Development and Disease
(A) During mitosis, both specific and nonspecific binding mechanisms retain pioneer TFs like FOXA1 on
chromosomes. Specific retention at cis-regulatory elements only occurs at a minority of TF interphase
targets, whereas nonspecific retention might provide pioneer factors with preferential and rapid access
to the remaining interphase targets immediately after mitotic exit.
(B) During embryogenesis, pioneer TFs bind cis-regulatory elements at early developmental stages before
they are active, possibly priming these elements for a timely activation as development proceeds. In
parallel with this sequential execution of gene expression programs, intensive proliferative capacity allows
cell lineage expansion for embryonic growth.
(C) Pioneer factors are dispensable for transcriptional state maintenance in differentiated quiescent cells,
but reactivation of cell proliferation by cellular injury or stress may make mitotic bookmarking by pioneer
factors again crucial. Mitotic bookmarking failure (e.g., through somatic mutations in pioneer factor genes)
could lead to loss of cellular identity and disease.
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Previewscell-type-specific gene expression (Cara-
vaca et al., 2013; Kadauke et al., 2012).
However, it remains unclear why FOXA1
mobility increases duringmitosis, contrib-
uting to its global retention on chromo-
somes. The authors speculate that a
mitosis-specific FOXA1 modification or
changes in chromatin structure and/orcomposition could all contribute to the
elevated FOXA1 mobility. Similarly, it
also remains unknown why these pioneer
TFs are only retained at a subset of their
interphase targets during mitosis and
what determines which sites are to be re-
tained, but preliminary data suggests that
neither DNA sequence composition norDevelopmental Cell 24,histone modifications play a role (Cara-
vaca et al., 2013; Kadauke et al., 2012).
Interestingly, bioinformatic analysis from
Caravaca et al. (2013) indicates that
mitotic FOXA1 retention preferentially
occurs in regions that, based on their
sequence content, have a high intrinsic
potential to be occupied by nucleosomes.
When functionally active, these cis-regu-
latory elements are occupied by espe-
cially labile nucleosomes that carry the
histone variant H2A.Z (Jin et al., 2009).
The genomic distribution of H2A.Z is
largely maintained during mitosis and the
presence of H2A.Z facilitates both nucle-
osome displacement and the binding of
TFs like the Forkhead proteins (Kelly
et al., 2010; Li et al., 2012). It is therefore
tempting to speculate that H2A.Z can
demarcate sites of preferential pioneer
factor retention. Future genomic charac-
terization of nucleosome positioning,
histone modifications, and histone vari-
ants should clarify how pioneer TFs are
specifically retained during mitosis and
whether H2A.Z plays a role in this
process.
During the sequential execution of
developmental transcriptional programs,
initial binding by pioneer factors may
keep cis-regulatory elements in an inac-
tive but primed state that facilitates their
timely activation during embryogenesis
(Zaret and Carroll, 2011). Prior studies
have only evaluated how mitotic book-
marking contributes to reactivation of
genes already active in interphase (Cara-
vaca et al., 2013; Kadauke et al., 2012).
From a developmental point of view, it
would be highly interesting to evaluate
whether mitotic bookmarking contributes
to the maintenance of primed regulatory
elements and the proper initiation of novel
gene expression networks as develop-
ment progresses (Figure 1B). Lastly, it is
worth noting that although pioneer factors
are required to maintain transcriptional
states during highly proliferative develop-
mental stages, they become dispensable
in adult differentiated tissues with low
proliferative activity (Verdeguer et al.,
2010; Zaret and Carroll, 2011). However,
many adult quiescent cells can reenter
the cell cycle under cellular injury or stress
to promote tissue regeneration or repair.
Mitotic bookmarking by pioneer factors
may then again become crucial for the
faithful recapitulation of transcriptional
states and cellular identities that if alteredFebruary 25, 2013 ª2013 Elsevier Inc. 343
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Previewscan lead to degenerative human diseases
such as fibrosis or dysplasia (Figure 1C)
(Verdeguer et al., 2010).
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